INTRODUCTION
There are many different types of reactions of molecular oxygen \vith transition metal complexes. These include removal of electrons from the metal center or from the coordinated ligand, oxidative dehydrogenation of the ligand, and formation of metaloxygen adducts. This paper describes a novel reaction in \vhich a conjugated carbon-carbon double bond in a di-iron complex, 1, reacts with dioxygen to break the double bond and form two keto-macrocyclic iron complexes, 2, shown below. This reaction occurs in high yield with atmospheric pressure dioxygen at room temperature.
We recently reported:Z the structure and properties of a new type of bimetallic complex that contains a cross-conjugated f)-diimine linkage between metals in (\VO different macrocycles. 1. One of our first observations of this di-iron complex was that solid samples of the perchlorntc salt underwent a slo\v reaction if exposed to the atmosphere. In acetonitrile the blue product has a \ua\ at 650 nm. A similar blue product slowly fom1ed in aerated acetonitrile solution. We have isolated and identified the blue species as the 3 monomer U'fnax = 720 nm) with DMF axial ligands is very rapidly formed in aerated DMF.
The attack of molecular oxygen on the bridging carbon-carbon double bond produces a very high percentage yield (>95%) of the keto-macrocycle product. The high ) yield and the fact that the reaction also occurs in the solid state suggests that a dioxetane intermediate is involved. A mechanism for the fonnation of the dioxetane intem1ediate, which involves oxidation of one of the iron atoms, is invoked to explain the lack of similar 0-0 I I -c-c< _,--examples in organic systems and the very large axial ligand dependence of the rate of f om1at ion.
The proton NMR spectmm of the keto species was critical in its identification and is particularly interesting in that all ten distinct protons of the macrocycle can be unambiguously assigned. The Mossbauer spectrum of the compound is also reported and is compared to other low-spin iron-II tetraaza macrocycles. The solvent dependence of the optical spectrum. its electrochemical behavior, and the rate of fonnation arc discussed.
EXPERIMENTAL SECTION
All solvents used were reagent grade (99+ %) and dried over activated molecular sieves (3A) except acetonitrile which was purchased from Burdick & Jackson and used directly. In the electrochemical measurements CH3CN was distilled from calcium hydride prior to use. All reagents were the highest quality commercially available and used without purification. Instruments used were as follows: FfiR, Nicolet SOX: NMR 
RESULTS AND DISCUSSION

Formation of 2
The keto-macrocyclic species can be formed from the dinuclear compound I in a number of different ways. A slow reaction of molecular oxygen occurs with solid 1. With crystalline salts of 1 (CH3CN axial ligands) a surface film of the blue species forms over periods of weeks. The solubility of 2 is much greater than 1 and the surface film can be removed by rapid washing with acetonitrile. If the solid is finely divided, the reaction with atmospheric oxygen proceeds more rapidly, with up to 15% conversion to 2 in one day.
The reaction between the dinuclear compound I and oxygen also occurs in solution.
Interestingly, the rate of this reaction is strongly solvent dependent. In oxygen-saturated acetonitrile solutions, the reaction has a half-life of over a week. In oxygen-saturated DMF the half-life forformation of 2 is less than a minute. This is greater than a factor of I crt increase in reaction rate. The reaction between the dinuclear iron compound and oxygen in DMF occurs with no appreciable build-up of intermediates as evidenced by several isosbestic points during the reaction ( Figure I ). The keto compound can also be fom1ed with other oxo-atom transfer agents such as hyd.rogen peroxide or hypochlorite. The reaction between the dinuclear iron compound and hydrogen peroxide in deoxygenated CH3CN also proceeds cleanly with isosbestic points at 685 and 505 nm.
We first discuss the various data supporting the assignment of the structure of 2 with particular emphasis on the proton NMR spectrum. The Mossbauer spectrum, solvatochromism and electrochemistry are then presented followed by speculation about mechanisms of formation of the keto complex from reaction with dioxygen.
Structure Assignment
UV-Visible
The optical spectrum of 2 in aceonitrilc has a band at 650 nm that is too intense to be ad-d transition. ln reviewing the iron macrocycle literature we noted a paper by Riley and Busch. 4 'vhich described the formation of a series of di-keto macrocyclcs by reaction
between dioxygen and f)-diimine macrocycles. These species were all blue in aceonitrile with i.max at 6:50 nm. The similarity in optical spectra suggested that a similar chromophore was present in compound 2. Similar reactivity between dioxygen and cobalt f)-diimine m.acrocycles had earlier been described by Endicott and co-workers5.
Mass Spectrometry
The mass spectral results support the monomeric nature of 2. The predominant observed peak in electrospray MS is at m/z = 365 which corresponds to [Fe(CJOHJsN40)(Cl04)l j+l, ie2 with the loss of the axial acetonitrile ligands and addition of a perchlorate counter ion.
IR
The infrared spectrum of 2 indicates the presence of a carbonyl. TheIR spectn1m of the starting dinuclear compound 1 has C=N and C=C peaks of moderate intensity at 1610 and 1640 em· I. The JR spectrum of2 has a peak at 16.50 em· I which exhibits much greater relative intensity. This peak is in the C=O spectral region and is similar to those observed by Riley4 and Endicott5 in their f}-diimine keto species.
NMR
The 13C and IH NMR spectra of 2 confirm its structural assignment. The proposed structure has a plane of symmetry through the carbonyl group, the iron atom, and the opposite methylene carbon atom. This plane is perpendicular to the general plane of the macrocyc!e and the same symmetry element is present2 in the crystal sructure of 1. The keto-macrocycle has six different kinds ~f carbon atoms and this is observed in t~~ 13C NMR spectrum. The carbonyl carbon is observed at 187.7 ppm, relative to TMS, the In rigid cyclic systems the equatorial proton is consistently downfield relative to the axial proton on the same carbon atom. This is the situation for 2; however, the differences The multiplet is also distorted by a weaker vicinal coupling with proton 8a.
The doubled 1:3:3: I multiplet at 2.78 ppm is due to the axial proton on position 5. The optical, electrospray MS, IR and particularly the 13C and lH NMR taken together allow confident assignment of the structure of 2. We now consider specific aspects of the optical, Mossbauer, and electrochemical data of 2.
Phvsical Properties Optical
The absorption spectrum of complex 2 in acetonitrile (Figure3) exhibits maxima at 650 nm (E = 3,660 M· I cm·l), 340 nm E = 2,470 M·l cm·l) \·vith a shoulder at 370 nm, / and at 232 (E = 8,890 M·l cm-1).
As mentioned earlier our initial designation of 2 as a keto-macrocycle was based on the similarity of its optical spectrum to iron-keto f)-diimine species previously reported by Riley and Busch 4 . These workers assigned the transition at 650 nm as an MLCT from iron d.v.' dyz orbitals to arc"' orbital of the ligand. We agree with this assignment for complex 2.
Solutions of 2 in different solvents have very different colors--blue in acetonitrile and
olive-green (A max= 720 nm) in OM F. The change in optical spectra results from a change in axial ligands. The addition of chloride ion to an acetonitrile solution of 2 also results in a red shift U'fna., = 810 nm with C!-)of the spectral peaks (Figure 3) . The simplest explanation is that the energies of metal dJt orbitals increase <1s the <1Xi<1l ligand changes from CH3CN to CI· ·Thus the shifts to longer wavelengths result from bringing the metal , orbitals closer in energy to the lowest unoccupied ligand orbitals. Since all the bands shift, this might imply that all the transitions involve some type of charge transfer.
Moss bauer
The Mossbauer spectrum of the perchlorate salt of 2 with acetonitrile axial ligands at 90 K consists of a quadrupole split doublet with a center shift of 0.36 mm/sec and a quadrupole splitting of 1.62 rnrn!sec. The value for the binuclear compound, 1, is very similar3: 0.34 mrn!sec and 1.63 mrn/sec. The Mossbauer parameters for 2 can be compared to those for a large series of 14-membered tetraaza macrocyclic low-spin Fe(II) complexes studied by Busch and co-workers. 6 The literature complexes have the same 2,3,2,3 carbon linkages between the nitrogens, have axial CH3CN ligands and have perchlorate as the counter-anion so they are directly comparable. Mossbauer parameters are available for a series of such complexes ranging from the fully saturated species to those with 2, 3 and 4-carbon-nitrogen double bonds (See table in ref. 3 .) The center shift value of 0.36 mrn/sec is at the low range for this extensive series of closely-related complexes while the quadrupole splitting value is high. The center shift parameter is inversely related to the s electron density at the iron nucleus. 7 Good sigma donor and good pi-acceptor ligands both lead to increased s density and hence to lower center shift values. While aand :rt-bonding properties of ligands are additive in determining the center shift value, the quadrupole splitting is a measure of the difference between these two effects.
Busch and co-workers6 concluded that :rc effects predominate in tetraazamacrocycles with carbon-nitrogen double bonds because they found a negative slope in a plot of There is also a second broad, poorly defined reduction wave at -1360 mY. The broad and irreversible nature of this wave is not well understood but may be due to a process corresponding to pinacol reduction with the protons coming from adventitious water.
The optical spectnm1 of2 in CH3CN shows a pronounced red shift when chloride ion is added or when 2 is dissolved in DMF. The visible band is assigned as an MLCT and the spectral shifts are assumed to be due to changes in the energies of the metal orbitals as CI-or DMF replace CH3CN as the axial ligands. If these assumptions are true, the electrochemical behavior should also exhibit an axial ligand dependence.
The electrochemistry does indeed show a marked shift with a 660 mY lower oxidation potential when CJ· is added (Figure 4b) . Also, the oxidation wave with added CI-is more reversible but this may just reflect the lower oxidation potential and hence lower reactivity of iron in the +3 oxidation state with o-axial ligands.
There is also an electrostatic factor to be considered. The keto Fe(II) rnacrocyclic J species has a +2 charge when the axial ligands are CH3CN but is neutral with CJ· axial ligands. Everything else being equal. it will be easier to remove an electron from a neutral species than from one with a +2 overall charge. ~owcvcr, there is a similar large shift (690 mY) to a less positive oxidation potential when the axial ligands are DMF (Figure 4c ).
The complexes with DMF and with CH3CN axial ligands both have a +2 overall charge so we infer that the electrostatic effect is not them ain reason for the shift in oxidation potential when CJ· replaces CH3CN as the axial ligands. There remains some ambiguity in 12 comparison of oxidation potentials of species with DMF and with CH3CN axial ligands due to the change in solvent although the ferrociniurnlferrocene reference scale minimizes such solvent effects.
MECHANISM OF FORMATION
The mechanism for formation of the keto j)-diimine monomer 2 from reaction of dioxygen with the cross-conjugated binuclear species 1 is not certain, but the fact that the reaction takes place with high yields in both solution and in the solid state strongly suggests From the paucity of similar examples from the organic literature of facile roomtemperature atmospheric-pressure attack of dioxygen on conjugated olefins, it appears that the iron centers in 1 are important and are directly involved. A plausible stepwise mechanism for dioxetane formation is shown in Scheme l. The first step proceeds via transfer of one electron from the n;-system to a dioxygen molecule. This produces a I peroxide radical with concomitant formation of another radical in a six-membered chelate ring (species a). The total spin is conserved in this step. The proposed mechanism then involves triplet:.to-singlet intersystem conversion follov,:cd by combination of the intramolecular radical pair to form the dioxctane intcm1ediatc.
A resonance form of species a has a quasi-aromatic arrangement with oxidation of low-spin iron II to low-spin iron III. Another way to describe this situation is that the Subtle electronic or steric differences could explain the different products when dioxygen reacts with I with chloride or DMF axial ligands since there are very stringent electronic and steric requirements for formation of the four-membered dioxetane ring.
We are continuing to explore the chemistry of the iron keto f)-diimine complexes, with a particular emphasis on using the keto functional group as a route to other binuclear or linked donor-acceptor complexes. 
